A lattice model of protein folding is developed to distinguish between amino acid sequences that do and do not fold into unique conformations. Although Monte Carlo simulations provide insights into the long-time processes involved in protein folding, these simulations cannot systematically chart the conformational energy surface that enables folding. By assuming that protein folding occurs after chain collapse, a kinetic map of important pathways on this surface is constructed through the use of an analytical theory of probability flow. Convergent kinetic pathways, or "folding funnels," guide folding to a unique, stable, native conformation. Solution of the probability flow equations is facilitated by limiting treatment to diffusion between geometrically similar collapsed conformers. Similarity is measured in terms of a reconfigurational distance. Two specific amino acid sequences are deemed foldable and nonfoldable because one gives rise to a single, large folding funnel leading to a native conformation and the other has multiple pathways leading to several stable conformers. Monte Carlo simulations demonstrate that folding funnel calculations accurately predict the fact of and the pathways involved in folding-specific sequences. The existence of folding funnels for specific sequences suggests that geometrically related families of stable, collapsed conformers fulfill kinetic and thermodynamic requirements of protein folding.
ABSTRACT
A lattice model of protein folding is developed to distinguish between amino acid sequences that do and do not fold into unique conformations. Although Monte Carlo simulations provide insights into the long-time processes involved in protein folding, these simulations cannot systematically chart the conformational energy surface that enables folding. By assuming that protein folding occurs after chain collapse, a kinetic map of important pathways on this surface is constructed through the use of an analytical theory of probability flow. Convergent kinetic pathways, or "folding funnels," guide folding to a unique, stable, native conformation. Solution of the probability flow equations is facilitated by limiting treatment to diffusion between geometrically similar collapsed conformers. Similarity is measured in terms of a reconfigurational distance. Two specific amino acid sequences are deemed foldable and nonfoldable because one gives rise to a single, large folding funnel leading to a native conformation and the other has multiple pathways leading to several stable conformers. Monte Carlo simulations demonstrate that folding funnel calculations accurately predict the fact of and the pathways involved in folding-specific sequences. The existence of folding funnels for specific sequences suggests that geometrically related families of stable, collapsed conformers fulfill kinetic and thermodynamic requirements of protein folding.
A first functionally important action of any protein is to fold. Though the general process of protein folding is not fully understood, it has been known since the ribonuclease refolding experiments of Anfinsen that small globular proteins fold in the absence of any catalytic biomolecules (1) . From this fact, it was surmised that folded proteins exist in the global minimum free energy state (1) . Soon thereafter, Levinthal (2, 3) used a simple counting argument to demonstrate that Anfinsen's thermodynamic hypothesis implied a paradoxical result: a typical protein has far too many conformations to permit a thorough search for the global minimum.
Since the statement of Levinthal's celebrated paradox, several groups have attempted to preserve the concept of the global minimum by arguing that compactness (4) or native state propensities (5) reduce the effective size of conformation space. Neither requirement resolves the paradox because compactness alone lessens but does not eliminate the conformation counting problem and native state propensities cannot be justified from amino acid sequence analysis. Accordingly, a plausible resolution to the Levinthal paradox might be obtained using a kinetic rather than a thermodynamic approach to the folding problem. Folded proteins are not (necessarily) equilibrium entities; rather, they are metastable with lifetimes longer than (or perhaps about equal to) their functionally significant lifetimes. To overcome the Levinthal problem, proteins must have a broad conformational focusing property to direct folding to a unique, locally stable, kinetically accessible "native" conformation. conformational freedom. Each residue is located on a vertex of the lattice. (ii) Consistent with the low-resolution structural description of the lattice model, the chemical identity of the protein is depicted in a simplified N-letter hydropathic code, where some number N of amino acid types is chosen to enable an arbitrary degree of heterogeneity for residueresidue interactions. Each residue may represent clusters of real amino acids. (iii) The dynamics of the folding process can be treated as a collection of discrete "hopping" processes between local minima. Since conformational dynamics is governed by the same residue-residue interactions that drive the initial conformational collapse, it is possible to divide motion into two types: relatively fast, sterically constrained chain motions that do not involve the breaking of many chain-chain contacts and slow motions across energy barriers associated with larger structural fluctuations and the breaking of many chain-chain contacts.
The time scale separation proposed for the interconversion process can be used to divide collapsed conformations into "compactness cells." Within a compactness cell, conformations interconvert quickly; between compactness cells, conformations interconvert slowly. The rates for slow interconversion are found by calculating the average time the protein spends in any cell before a thermal fluctuation moves the chain over a conformational barrier into another cell. The division of conformation space into compactness cells is valid for any model for protein structure, whether on-or off-lattice. A difficulty arises when attempting to define compactness cells for specific sequences. To show how such difficulties can be managed through an approximation technique, we now focus on a simple lattice model.
STATEMENT OF MODEL
Lattice Model and Energy Function. A protein is represented as a 27-unit chain on a simple cubic lattice. The protein is assigned a chemical identity in the form of a primary sequence S = {s,, . .. , S27}, where each site i on the chain is assigned a residue from a list of N residue types, si E {al, . . . , aN}. The residue types do not correspond directly to the naturally occurring amino acids but are chosen to provide a wide range of chemical differentiation. It is not clear how much heterogeneity is necessary for the careful organization implicit in the process of folding, but in the present case N = 20, allowing a wide range of residue contact energies.
Folding is driven by nonbonded contact energies, interactions between residues that inhabit adjacent lattice sites but are not covalently bonded to each other. The energy E of a given conformation is calculated by summing the values of the energies over all nonbonded contacts in the lattice: 27 E = EE(si, sj)A(4 -j), [1] where ri and rj denote the locations of residues i and j and A(li -lj) = 0 unless residues i andj are on adjacent vertices of the lattice. Contact energies e(ai, a>) between residue types ai and aj are chosen to have an average of -2kBT with an effective deviation of about kBT. Native nonbonded contacts-those contacts observed in the unique, stable, accessible native state-are among the most stable of all nonbonded contacts with an average energy of -3kBT.
Compactness Cells. Folding begins with a structural collapse from a random coil state to a dense state. Here "dense" denotes a conformation with few interior vacant lattice sites. Although the number of dense states is far smaller than the number of random coil states, dense conformations are still too numerous to determine computationally. However, the subset of dense conformations with no internal vacanciesthe so-called "maximally compact conformations"-is countable. For the 27-mer (Fig. 2) (Fig. 1) .
Here arises the central question: If we can understand the diffusional relationships between the lowest energy maximally compact conformations, can we predict if a given amino acid sequence is foldable? First, it is necessary to examine the relationship between geometry and interconversion among the maximally compact conformations.
Reconfigurational Distance. Two maximally compact conformations will interconvert through small structural fluctuations if the conformations are geometrically similar. The greater the geometrical dissimilarity between the conformations, the larger the structural fluctuation required for interconversion to occur. Thus, it is useful to introduce a quantitative measure of geometrical distance between two cubic conformations. We define a reconfigurational metric to represent the minimum number of residues that need to move in order for one conformation to fluctuate into the other given a set of fundamental lattice moves. In many cases, interconversion between conformations requires the motion of resi-dues solely to "get out of the way" of other residues. This definition anticipates the kinetic problem to be faced. The reconfiguration distance satisfies the criteria of a metricnamely, p(a, 13) = p(.3, a), p(a, a) = 0, p(a, 3) 2 0, and p(a, y) s p(a, /3) + p(,3, 'y), where a, 1, and y are three arbitrary conformations. The reconfigurational distance between maximally compact conformations a and ( is used to determine which pairs of low-energy maximally compact conformations are likely to interconvert.
Sequence-Structure Design Criteria. Sequences S1 and S2
Si: jedfqgicnmhlqoprsjcktbtbars S2: aeabajampiqrsnajkbpsorqtlfi were selected from a 20-letter hydropathic residue set to demonstrate foldability and nonfoldability, respectively, of primary sequences. [Parameter set e(aj, a>) is available upon
request.] S1 was selected to stabilize a particular conformation (Fig. 2) , which was chosen because 30 other maximally compact conformations were within a reconfiguration distance of 10. The native structure of S1 exhibits two 2 x 2 x 2 subdomains in opposite corners of the cube. Each subdomain has four possible maximally compact arrangements, so the native structure possesses a high proclivity to local geometrical rearrangement among the 15 neighboring cubic conformations. S1 was picked to stabilize not only the native structure but also the local conformational permutations of the subdomains. These other "nearby" maximally compact conformations are among the most stable of the overall conformation space, but they are sufficiently unstable with respect to the native state as to have negligible steady-state populations, confirming the two-state criterion imposed by calorimetric studies of folding (8) . S1 contains information for both the "local" thermodynamic stability of the native structure and its conformational proximity to several other stable states. Sequence S2 is a random set of monomers drawn from the same 20-letter set. Although no structural or reconfigurational criteria were used to determine S2, it does have a distinct global minimum. Thermodynamically, it possesses a unique structure, but it will be shown that this structure is kinetically inaccessible.
RESULTS AND DISCUSSION
Lattice Kinetics: Simulations. The kinetic behavior of sequences S1 and S2 was simulated at room temperature using the Metropolis algorithm. During the simulation, single residues on the chain were randomly moved to nearby vacant lattice sites with the constraint that the covalent chain bonds remain intact. In addition, pairs of residues were allowed to move in single 90°rotary motions.
Starting from a random conformation, sequence S1 was shown to achieve its global minimum conformation in 81 of 200 trials, each lasting up to 500,000 iterations. In only 14 cases, the final conformation had less than half of the native nonbonded contacts. In all other cases, it is supposed that longer simulations would have succeeded in folding the recalcitrant intermediates. S2 failed to achieve its global minimum conformation even once during 10 trials with 500,000 iterations. None of the final conformations had more than 14 nonbonded contacts in common with the lowest energy structure. Thus, in a time frame s 500,000 iterations, S1 has a unique, stable, accessible conformation and sequence S2 does not.
In addition to proving that S1 is a foldable sequence, the simulations validate the collapse-reconfiguration picture of folding. The numbers of chain-chain nonbonded contacts and native nonbonded contacts are plotted versus iteration number for a simulation in Fig. 3 . In the first 1000 iterations, the collapse phase is evident as total number of nonbonded contacts increases quickly. In the subsequent reconfiguration The intermediate states are determined through an exhaustive enumeration of "loop structures" (Fig. 4) . Loops consisting of fewer than 10 residues and 500 intermediate loop structures are considered. Longer loops are ignored because global interconversions are not thought to participate in compact reconfiguration. Loop intermediates with more nonbonded contacts in common with the reactant's maximally compact conformation are assigned to the reactant's compactness cell. Similarly, the product's compactness cell consists of loop intermediates containing a majority of product cube's nonbonded contacts. The initial distribution of probability in the reactant compactness cell is chosen to obey a thermal distribution. When half of the probability seeps over the barrier into the reactant compactness cell, the average A -50 Interconversion between two maximally compact conformations requires the enumeration of all microscopic loop structures. Here, 48 loop conformations of an 8-mer segment of the native conformation of S1 (Fig. 2 , residues 3-10) are explicitly drawn. Boxed conformers represent loop packings for the native state of Fig.  2 and another maximally compact conformation at a reconfigurational distance of 5. All other conformers are local fluctuations around these two "cubic" states. The shaded domain corresponds to the compactness cell of one cubic conformer. All other conformers constitute the compactness cell of the native loop conformer. The interconversion calculation is performed by permitting probability to diffuse along all possible connections between and within the compactness cells. Starting from a thermal distribution of probability over each compactness cell, the mean first passage time is defined as the period in which half of the probability seeps from one compactness cell to the other. time for interconversion has elapsed. Details of the calculation for average reaction times are given in Appendix.
Folding Funnels. For sequences S1 and S2, rates between pairs of the 1000 lowest energy maximally compact conformations were calculated. In Fig. 5 , the maximally compact conformations are represented by dots organized by energy along the y axis and listed by arbitrary conformer number along the x axis. The global minimum is conformer number 1. Interconversion times between these conformations are <1 ms. Solid (dashed) lines between the maximally compact conformers indicate the likelihood for interconversion from the higher (lower) energy to the lower (higher) energy conformer.
A single deep folding funnel dominates the interconversion diagram for S1. For S2, a myriad of smaller and shallower folding funnels appears. Thus sequence S1 will fold and S2 will not. These predictions are consistent with the simulation. The lowest energy conformation of S1 exhibits structural and energetic similarity among the several other most stable conformations. A close comparison of the lattice kinetics simulation (Fig. 3) and the folding funnel calculation (Fig. 5A) shows that simulated folding trajectories diffuse down the folding funnel (Fig. 6) . The longest dwell periods occur in conformations relatively close to the native conformation. For sequence S2, however, the "nearest neighbor cubes" are of substantially higher energy (Fig. SB) so the conformational energy landscape appears more like a volcano than a funnel.
PERSPECTIVE AND CONCLUDING REMARKS
The existence of folding funnels in simple lattice models of folding suggests that directed self-assembly ofproteins can be FIG. 5 . Folding funnels for the foldable sequence S1 (A) and nonfoldable sequence S2 (B). Line segments indicate submillisecond connection kinetic pathways between compactness cells (dots) associated with maximally compact conformations. Solid (dashed) lines correspond to diffusion from higher (lower) to lower (higher) energy conformations. Arrows indicate the lowest energy maximally compact conformations. The folding funnel of S1 is evident in the convergence of kinetic pathways to the maximally compact conformations with energy -81 kBT. S2 shows no such self-organizing property. The reconfigurational distances between conformations in the S1 folding funnel and the S1 lowest energy structure are <14. The reconfigurational distances between the low energy S2 conformations and its lowest energy structure are >20. predicted using enumeration as well as simulation techniques. The occurrence of folding funnels contradicts previous notions that folding must follow a specific pathway to overcome the Levinthal counting problem (9) . Rather, folding may well proceed as a convergence of multiple pathways among families of interconvertible dense conformations, as suggested by the jigsaw model (10) .
This work is related to several perspectives on folding that have been put forth in recent years (4, 6, (11) (12) (13) (14) . In a mean field spin model of protein folding, Bryngelson and Wolynes (15, 16) showed that, during the last stages of folding, conformational energy replaces conformational entropy as the dominant repository of free energy. To give their mean field spin model a kinetic interpretation, they mandated that every spin state or "conformation" of the protein be kinetically connected to a state of greater polarization or "folding," which they called the principle of minimal frustration (15) . The kinetic interpretation of minimal frustration applied to polymers is not obvious. Here, we submit that minimal frustration of proteins is defined by the existence of a folding funnel: an amino acid sequence has a large number of dense conformations that are kinetically connected to conformations of greater folding.
Recently, Shakhnovich et al. (17) reported that 3 of 33 randomly interacting heteropolymers of length 27 with stable global minima were kinetically foldable. The parameter regime for nonbonded contact energies used here is identical; however, our perspective differs considerably on the issue of sequence specificity: we present two amino acid sequences based on a 20-letter hydropathic code-the foldable sequence possesses relationships between sequence and structure, whereas the nonfoldable sequence exhibits no such concordance.
Number of Conformer where p(t) is an n-dimensional time-dependent probability vector (Y-Pn = 1) and W is the n X n transition matrix satisfying detailed balance. The microscopic transition rates Witas from structure P to a are assumed to be dominated by the energy difference AE = Ed -Ea. Folding funnels contain the key thermodynamic and kinetic requirements for folding: convergence of families of diffusion pathways to a unique, locally stable, kinetically accessible state. With further development of the reconfigurational metric, effective extension of these methods to larger proteins heretofore treatable only by simulations (18) is foreseeable.
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APPENDIX
The kinetics of structural fluctuation between compactness cells is given by a continuous-time master equation in which each microscopic chain state of the interconverting segment of the loop is treated as an independent probability site. Rates for interconversion between compactness cells are calculated by designating the product cell's chain sites as absorbing sites. When the chain diffuses into an absorbing site, the interconversion reaction is said to have occurred.
The rate is given by the inverse of the mean first passage time for absorption into the product states. The quantity is derived from the master equation: ap~t) = Wp(t), [Al] 
